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Abstract: Micro-invasive glaucoma surgery with the Glaukos iStent* or iStent injecfi (Glaukos 
Corporation, Laguna Hills, CA, USA) is intended to create a bypass through the trabecular mesh- 
work to Schlemm's canal to improve aqueous outflow through the natural physiologic pathway. 
While the iStent devices have been evaluated in ex vivo anterior segment models, they have not 
previously been evaluated in whole eye perfusion models nor characterized by computational 
fluid dynamics. Intraocular pressure (lOP) reduction with the iStent was evaluated in an ex vivo 
whole human eye perfijsion model. Numerical modeling, including computational fluid dynam- 
ics, was used to evaluate the flow through the stents over physiologically relevant boundary 
conditions. In the ex vivo model, a single iStent reduced lOP by 6.0 mmHg fi^om baseline, and 
addition of a second iStent further lowered lOP by 2.9 mmHg, for a total lOP reduction of 8.9 
mmHg. Computational modeling showed that simulated flow through the iStent or iStent inject 
is smooth and laminar at physiological flow rates. Each stent was computed to have a negligible 
flow resistance consistent with an expected significant decrease in lOP The present perfiision 
results agree with prior clinical and laboratory studies to show that both iStent and iStent inject 
therapies are potentially titratable, providing clinicians with the opportunity to achieve lower 
target lOPs by implanting additional stents. 

Keywords: glaucoma, iStent, trabecular bypass, intraocular pressure, ab-interno, CFD 

Introduction 

Glaucoma is characterized by progressive optic nerve damage resulting in irrevers- 
ible loss of vision and is a leading cause of blindness worldwide.' The only available 
treatment to delay the progression of glaucoma involves lowering the intraocular 
pressure (lOP). lOP reduction is most commonly accomplished by applying topical 
medications that reduce the rate of aqueous humor formation or reduce resistance to 
aqueous humor outflow.^ Invasive procedures such as trabeculectomy or glaucoma 
drainage device implantation are typically performed when medical therapy fails. 
Despite improvements in glaucoma patient outcomes, compliance to prescribed topi- 
cal treatments remains an issue, and many surgical procedures are accompanied by 
significant morbidity. As a result, new micro-invasive techniques and implants capable 
of providing significant lOP reduction have been developed. 

Micro-invasive glaucoma surgery with the Glaukos iStent* and iStent inject" 
(iStent® is FDA approved in the US, CE marked in the European Union, and has medical 
device approval in Canada. iStent inject* is an investigational device in the US, and is 
CE marked in the European Union; Glaukos Corporation, Laguna Hills, CA, USA) is 
intended to improve physiologic outflow of aqueous humor from the anterior chamber 
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through the conventional outflow pathway.^ Previous evalua- 
tions by an anterior segment perfusion model,'*'^ flow theory,'' 
and clinical studies/^'^ have shown that one or more iStents 
placed in Schlemm's canal through the trabecular meshwork 
resulted in lower lOP and reduced medication burden. 

The iStent (Figure lA) was designed to be implanted in 
Schlemm's canal via an ab-interno procedure through a self- 
sealing clear corneal incision. The self-trephining tip of the 
stent pierces the trabecular meshwork, and the curved stent 
body with retention arches maintains the position of the stent 
within Schlemm's canal. The open half-pipe design of the 
stent body assures that the canal remains patent and collec- 
tor channels are not obstructed. The tubular portion of the 
stent, the "snorkel," conducts the flow through the trabecular 
meshwork into Schlemm's canal. 

The iStent inject (Figure IB) was designed to be 
implanted over a trocar that pierces the trabecular meshwork. 
The head of the stent facilitates implantation and maintains 
the position of the stent across the trabecular meshwork. 
Four side ports are present to direct flow circumferentially 
into the lumen of Schlemm's canal. 

While iStent and iStent inject have been evaluated in 
the anterior segment perfusion model,''"' the stents have not 
been previously evaluated in whole eye ex vivo models. 
Unlike the whole globe model, the anterior chamber model 
lacks the lens, iris, and choroid which can affect the ten- 
sion on the scleral spur, and such tension has been shown 
to affect outflow facility.'''"'* While the differences in the 
models were not anticipated to have a large effect on the 
facility change effected by manipulation of the trabecular 
meshwork, to verify this assumption the iStent was evaluated 
in the whole globe model, and the results were compared 
with Bahler et al.'' 

Engineering approximations (Hagen-Poiseuille) of the 
resistance through the stents suggest that the resistance is 
extremely low. The engineering approximations were verified 
using computational fluid dynamics (CFD), and total outflow 
resistances with and without stents were calculated. 



Methods 

Human globes from pseudophakic donors with no history 
of glaucoma were obtained from various eye banks around 
the country. Approval was obtained from the Colorado 
Multiple Institutional Review Board for the use of human 
material, and the tenets of the Declaration of Helsinki were 
followed, prior to initiation of this study. Informed consent 
was obtained from donors or relatives for use in research by 
the various eye banks. 

The perfusion system (Figure 2) incorporated a stan- 
dard programmable syringe pump (Pump 1 1 Plus; Harvard 
Apparatus, Holliston, MA, USA). Pressure was monitored 
via an in-line real-time pressure transducer (Research 
Grade Pressure Transducer; Harvard Apparatus) connected 
to a single channel chart recorder (Pharmacia REC-481; 
Pharmacia/Pfizer, New York, NY, USA). Polyethylene tubing 
with a 1 . 1 4 mm inner diameter (PE- 1 60; Warner Instruments, 
Hamden, CT, USA) was used for all connections. 

The human globe, in each case, was first prepared by 
injecting Dulbecco's Modified Eagle's Medium (DMEM; 
Life Technologies, Carlsbad, CA, USA) through the optic 
nerve with a 26-gauge needle until the globe had returned 
to a spherical shape. The perfusion system is illustrated 
in Figure 2. A fluid line (terminating in another 26-gauge 
needle) was inserted diagonally through the anterior chamber 
of the eye, passing through the cornea and pupil and end- 
ing with the tip beneath the iris (not shown). The globe was 
surrounded by damp gauze, and the perfusion pump (filled 
with DMEM) was set to an initial inflow rate of 7 jlL/minute. 
lOP was allowed to increase until it reached 30 mmHg to 
ensure the globe was completely inflated. The infusion rate 
was then reduced to 2.5 |aL/minute, and a steady-state lOP 
was maintained for at least 60 minutes prior to insertion of 
the devices. The iStent devices were inserted through a clear 
corneal incision under gonioscopic view. Stent placement 
was not targeted to any specific features of the trabecular 
meshwork or Schlemm's canal, although they were implanted 
on the nasal side to mimic the clinical procedure. When more 
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Figure I Illustration of iStent® (Glaukos Corporation, Laguna Hills, CA, USA) (A) and iStent /n/ecf® (Glaukos Corporation) (B). 
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than one stent was inserted, the second stent was placed 
three clock hours from the first. A water tight closure of the 
corneal wound was then achieved with a 10-0 nylon suture. 
The flow rate remained constant, and lOP was measured until 
steady state was achieved for at least 1 hour post-insertion of 
the device(s) in all cases in order to determine that the true 
steady state was achieved. 

At low flow rates, the stent resistance, R^, can be estimated 
using the Hagen-Poiseuille equation, which estimates the 
resistance through a tubular body. The assumptions of the 
equation are that the flow is laminar, viscous, and incompress- 
ible, and the flow is through a constant circular cross-section 
where the length of the tube is substantially longer than its 
diameter. According to Hagen-Poiseuille: 

R^ » »ML/7rr\ (1) 

where L is the length of the tube, r is the radius of the tube, 
and /u =7.2 • 10"* Pa • sec is the aqueous humor viscosity at 
37°C." The equivalent circuit models used for calculat- 
ing resistance through the stents are shown in Figure 3. 
The iStent is a single resistance element calculated via 
Equation 1, with a length of 250 jim and a radius of 60 jim: 
R^~4A2 ■ 10"^ mmHg/(|j,L/minute). The iStent /«/ec? presents 
resistance from the central lumen in series with the paral- 
lel resistances from the side ports. In this approximation, 
we assumed that only two side ports were unobstructed by 
tissue. The central lumen dimensions were approximately 



L =265 |im and r =40 |j,m, and the side lumen dimensions 
were L =46 |J,m and r =25 [im: R^ =3.72 ■ 10"^ mmHg/ 
(|j,L/minute). The application of Hagen-Poiseuille suggests 
that the resistance of the iStent is 12% of the resistance of 
the iStent inject. Inlet and outlet effects (entrance head loss 

iStent® iStent injecf 



Q 




Figure 3 Equivalent circuit models for prediction of resistance through the iStent® 
and iStent mjec& (Glaukos Corporation, Laguna Hills, CA, USA) using the Hagen- 
Poiseuille approximation. 

Abbreviations: R, resistance; R, resistance through the stent's snorkel; P, pressure; 
'^cenr' ^esistance through the central lumen; R^.^^, resistance through the side lumens; P.^, 
hydrostatic pressure at the inlet; P^^^, hydrostatic pressure at the oudet. 
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and exit head loss) would be expected to raise the effective 
resistance somewhat from what is calculated by Hagen- 
Poiseuille for both stents. However, as shown below, the flow 
resistance of both stents is negligible compared with the total 
outflow resistance of the eye. 

CFD models of the two devices were created and solved 
using the commercial code CFD Research Corporation (ESI 
Group, Paris, France). Due to the simple geometry of fluid pas- 
sageway through the iStent, an axisymmetric (two-dimensional) 
mesh could be used. The mesh included 12,239 two-dimensional 
elements. For the iStent inject, a three-dimensional mesh was 
created containing 280,328 three-dimensional hexahedral ele- 
ments, hi preprocessing, the mesh was configured such that only 
two of the four "side" outlets maintained flow; this assumed 
that when placed in Schlemm's canal, the other outlets would 
be blocked by tissue contact. While additional outlets may be 
unblocked in situ, modeling it in this way represents a worst- 
case scenario. Aqueous humor is modeled as an incompressible 
Newtonian fluid with constant dynamic viscosity of 7 • lO'' Pa 
• sec and density 1.00 g/cm^ 

In this initial application of CFD, we included inlet and 
outlet regions corresponding to the anterior chamber and 
Schlemm's canal, respectively. The no-slip condition was 
applied at the stent and non-inlet/exit surfaces of the anterior 
chamber inlet section and Schlemm's canal exit section. 

Neglecting any uveoscleral flow in the ex vivo whole 
human eye perfiision model, the outflow resistance is simply 
calculated per the following equation: 



R 



lOK 

Qa 



(2) 



where R is the total outflow resistance, lOP is the lOP 

n n 

when n stents are implanted in the eye, and is the total 
flow into the eye. 

Results 

The results from the ex vivo perfusion studies are sum- 
marized in Table 1 along with Bahler et al's'' data from the 
anterior chamber model. 

A single iStent resulted in a lowering of lOP from baseline 
in all three eyes tested. The addition of a second iStent to an 
existing device resulted in additional lOP lowering that was 
statistically significant. 

The nominal rate of aqueous humor production is 
2.5 )j.L/minute.^° A worst-case scenario for examining the per- 
formance of the stent, ie, flow rate of 5 jiL/minute, twice the 
nominal, was considered. The stent resistances calculated via 
the Hagen-Poiseuille approximation, shown in Equation 1 , 



Table I Summary of ex vivo perfusion studies conducted 
herein in the whole globe model and the data from Bahler et al* 
conducted in the anterior segment model 

Device Baseline Final lOP, AlOP, AlOP Total 
n=3 each lOP, mmHg mmHg P-value AlOP, 

mnnHg mmHg 

Whole globe model 

I St iStent 19.8 (2.0) 13.8 (0.8) 6.0 (2.2) 0.009 6.0 (2.2) 

2nd iStent 13.8(0.8) 10.9(0.9) 2.9(1.1) 0.01! 8.9(2.2) 
Anterior segment model" 

I St iStent 19.7(3.5) 13.6(4.1) 6.1(5.4) <0.05 6.1(5.4) 

2nd iStent 13.6(4.1) 10.0(4.3) 3.6(5.9) <0.05 9.7 (5.5) 

Notes: Numbers in parentheses represent standard deviations. The AlOP column 
represents the incremental lOP change effected by adding a first or second stent, 
while the Total AlOP column represents the total lOP reduction from the no-stent 
baseline. 

Abbreviation: lOP, intraocular pressure. 



suggest that a pressure differential of only 0.021 mmHg is 
sufficient to drive 5 |J,L/minute through the iStent, and only 
0.18 mmHg is sufficient to drive 5 |J,L/minute of flow through 
the iStent inject under the worst-case assumption made above 
of only two side ports unobstructed. The Hagen-Poiseuille 
approximations were verified via CFD by applying static 
pressure differentials to the stents over these ranges. 

The steady-state flow of the stent was evaluated with 
regard to the boundary conditions. These results are shown 
in Figure 4 and were compared to the expected flow based 
on the resistance calculated from the Hagen-Poiseuille 
approximation in Equation 1 . 

The linearity in Figure 4 indicates that at these flow rates, 
the resistance was pressure independent, and the actual resis- 
tance of the stents was somewhat higher than that approxi- 
mated by Hagen-Poiseuille. The CFD results indicate that the 
flow resistance of the iStent is 6.4x10 ' mmHg/()j.L/minute) 
and 5.6x10"^ mmHg/(|j.L/minute) for the iStent inject. CFD 
analysis performed with and without the inlet and outlet 
regions indicated that much of the increase was due to inlet 
and outlet flow effects: the pressure loss due to inlet and 
outlet effects with the iStent was 26.9%, and 18.5% for the 
iStent inject. Regardless, the CFD models estimated that a 
single iStent or iStent inject was wholly sufficient to con- 
duct the entire 2.5 jiL/minute of aqueous humor production 
at negligible pressure differentials of only 0.016 and 0.14 
mmHg, respectively. 

Figure 5 shows a pressure color map through the iStent 
body generated by the model at a pressure differential of 
0.016 mmHg, resulting in a flow rate of 2.5 jlL/minute. Cooler 
colors indicate lower pressures, while warmer colors indicate 
higher pressures; the pressure scale, shown above the stent 
body, indicates color correspondence to pressure in mmHg. 
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iStent® iStent injecf 




Pressure differential (mml-ig) Pressure differential (mmHg) 

Figure 4 Flow versus pressure for the iStent® and iStent inject® (Glaul<os Corporation, Laguna Hills, CA, USA) as calculated by CFD (blue diamonds) and the Hagen— Poiseuille 
approximation (red squares). 

Abbreviation: CFD, computational fluid dynamics; min, minute. 



The pressure within the stent transitioned smoothly 
from the inlet pressure to the outlet pressure, with minimal 
inlet effects. Maximum axial velocity at the centerline was 
0.76 cm/second, and the maximum Reynolds number was 
1.34. These numbers suggest that a laminar flow assumption 
is correct. 

The velocity profiles within the iStent snorkel are shown 
in Figure 6. A detailed inspection of the flow through the 
snorkel confirmed that the velocity profile was indeed para- 
bolic (not shown). 

Figure 7 shows the pressure differential inside the iStent 
inject, and Figure 8 illustrates the flow capability of the stent, 
at a pressure differential of 0. 14 mmHg, resulting in a flow 
rate of 2.5 |J,L/minute. As with the iStent, the pressure in the 
iStent inject transitioned smoothly from the inlet pressure to 
the outlet pressure, with minimum inlet effects. Maximum 
axial velocity along the centerline was 1.76 cm/second, 
yielding a Reynolds number of 2.01, and 2.15 cm/second at 



the exit ports, yielding a Reynolds number of 1.54. Again, 
these numbers indicate that the laminar flow assumption is 
correct, although some minor additional pressure losses may 
be associated with secondary (ie, non-axial) velocities seen 
at the outlet junction on the right-hand side of Figure 8. 

Inserting the ex vivo data (Table 1) into Equation 
2, the total outflow resistances calculated with zero, 
one, and two stents were =7.9 mmHg/(|j,L/minute), 
R^ =5.5 mmHg/(|j,L/minute), and =4.4 mmHg/(|j,L/ 
minute), respectively. 

Discussion 

The current whole globe ex vivo studies verify previous 
findings that the iStent is an effective lOP lowering device, 
and that efficacy is enhanced when combining two devices 
compared with a single device. A single iStent resulted in 
a pressure reduction of 6.0+2.2 mmHg. The addition of a 
second stent lowered the pressure by another 2.9+1.1 mmHg 




Figure 5 Color map of pressure within a half-section of the iStent® (Glaukos Corporation, Laguna Hills, CA, USA) snorkel at an applied pressure differential of 0.0 1 6 mmHg 
yielding a flow of 2.5 |J.L/minute. The anterior chamber inlet to the snorkel is on the left, and the exit to Schlemm's canal is on the right. 
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Figure 6 Color map of velocity within a half-section of the iStent® (Glaukos Corporation, Laguna Hills, CA, USA) snorkel at an applied pressure differential of 0.0 1 6 mmHg 
yielding a flow of 2.5 fiUminute with overlaid velocity vectors. The anterior chamber inlet to the snorkel is on the left, and the exit to Schlemm's canal is on the right. 



to a total pressure reduction of 8.9+2.2 mmHg. These find- 
ings agree witli perfusion in the anterior segment model,'' 
theoretical analysis,'' and clinical studies.'"" Use of an ex vivo 
model is advantageous because it is fast, inexpensive, and 
it allows new devices to be tested using the appropriate 
anatomy prior to clinical studies, especially when the only 
comparable animal models are primates. The data in Table 1 
suggest that either the anterior segment model or the whole 
globe model is an appropriate ex vivo model for evaluating 
trabecular meshwork stents. 

CFD analysis revealed that flow through the iStent and 
iStent inject is free of significant resistance, only 0.0062 
and 0.057 mmHg/(|j,L/minute), respectively, at physiologi- 
cal flow rates. 

The CFD model assumed unimpeded flow of aque- 
ous humor away from the stent exit. Potential effects of 



circumferential resistance through Schlemm's canal and 
distal resistance through the collector channels^' are not 
completely understood and were not incorporated into the 
CFD model. Instead, experimental data from the ex vivo stud- 
ies were utilized to evaluate total outflow resistance. Applying 
Equation 2, the total outflow resistance was calculated to be 
=7.9 mmHg/(|j,L/minute), =5.5 mmHg/(|j.L/minute), 
andi?j =4.4 mmHg/(|j.L/minute), for zero, one, and two stents, 
respectively. Thus, a single iStent reduced the total outflow 
resistance by 30%, and two iStents reduced the total outflow 
resistance by 44%. These results agree with previous ex vivo 
studies.''-^^ 

The CFD resistance values are somewhat higher than the 
resistance predicted by simple circuit models and illustrate 
the capability of CFD to consider inlet and outlet effects that 
are often neglected by simpler models. However, the resistance 






Figure 7 Color map of pressure within the iStent inject (Glaukos Corporation, Laguna Hills, CA, USA) lumen at an applied pressure differential of 0. 14 mmHg yielding a 
flow of 2.5 )iL/minute. The anterior chamber inlet to the lumen is on the left, and the side ports exiting to Schlemm's canal are to the right. 
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values are so low that a single iStent is capable of carrying the 
entire aqueous humor outflow from the anterior chamber into 
Schlemm's canal at a pressure difference of only 0.016 mmHg 
or less. The resistance of the iStent is two or three orders of 
magnitude less than the total outflow resistance. In practice, 
the aqueous humor outflow utilizes a combination of the 
iStent, the trabecular meshwork, Schlemm's canal, and the 
distal outflow pathways. The low resistance of the iStent serves 
to lower the overall outflow resistance and lOP. 

Consistent with the findings of Bahler et al," adding a 
second iStent further decreased lOP, probably by accessing 
additional regions of the distal outflow pathway. 

A general limitation of computational and laboratory 
models is that their results may not exactly represent in vivo 
outcomes. It is encouraging, therefore, that extensive clinical 
experience with iStent demonstrates prolonged reduction 
of lOP and medication burden, combined with an excellent 
safety profile.'"'^ 

Conclusion 

In the whole globe ex vivo model, a single iStent reduced lOP 
by 6.0 mmHg from baseline, and combination of two iStent 
implants lowered lOP by 8.9 mmHg from baseline. Despite 
the micro-size of the iStent and iStent /«/ec? trabecular bypass 
implants, analytical approximations supported by CFD 
modeling indicated that each stent presented a negligible 
flow resistance that resulted in significant lOP reduction. 
CFD modeling also indicated that flow through the iStent and 
iStent inject lumens was smooth and laminar. These and 
prior clinical and laboratory studies show that iStent and 



iStent inject therapy is potentially titratable, allowing phy- 
sicians to reach lower target lOPs with the implantation of 
additional stents. 
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